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+DUL9DVXGHYDQD  1DUHVK&'HVKSDQGHD 5DPHVK55DMJXUX E
D 3URGXFWLRQ(QJLQHHULQJ'HSDUWPHQW'ZDUNDGDV-6DQJKYL&ROOHJHRI(QJLQHHULQJ 9LOH3DUOHZ0XPEDL ± ,1',$
E0HFKDQLFDO(QJLQHHULQJ'HSDUWPHQW'ZDUNDGDV-6DQJKYL&ROOHJHRI(QJLQHHULQJ 9LOH3DUOHZ0XPEDL ± ,1',$
$EVWUDFW
$OWKRXJK *ODVVILEHU UHLQIRUFHGYLQ\OHVWHUUHVLQ LVXVHGIRUWKHSURGXFWLRQRIPDQ\ HOHFWULFDOFRPSRQHQWVDXWRPRWLYHVWUXFWXUDO
SDUWV VSRUWLQJJRRGV DQG KLJKSHUIRUPDQFHPDULQH HTXLSPHQWV YHU\OLWWOHLVNQRZQDERXWLWVPDFKLQLQJDVSHFWV ,QWKLVVWXG\D




GHVLUDELOLW\LQGLFHV RIWKH WKUHH SHUIRUPDQFHPHDVXUHV YL]VXUIDFHURXJKQHVVWDQJHQWLDOFXWWLQJIRUFHDQGPDWHULDOUHPRYDOUDWH
DUH FRQYHUWHG LQWR D VLQJOH PXOWLSHUIRUPDQFH FKDUDFWHULVWLFV LQGH[ 03&, XVLQJ IX]]\ LQIHUHQFH V\VWHP ZKLFK LV WKHQ
RSWLPL]HGXVLQJ7DJXFKLDQDO\VLV
  7KH$XWKRUV3XEOLVKHGE\(OVHYLHU /WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI 2UJDQL]LQJ&RPPLWWHHRI$00(
.H\ZRUGV0XOWLFULWHULD2SWLPL]DWLRQ *)539LQ\OHVWHU :RYHQIDEULF 'HVLUDELOLW\LQGH[ )X]]\LQIHUHQFHV\VWHP
 ,QWURGXFWLRQ
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WKH IRUPDWLRQ RI D FRQWLQXRXV FKLS ZKHUHDV PDFKLQLQJ RI *)53V LV FKDUDFWHUL]HG E\ XQFRQWUROOHG LQWHUPLWWHQW
IUDFWXUH 2VFLOODWLQJ FXWWLQJ IRUFHV DUH W\SLFDO EHFDXVH RI WKH LQWHUPLWWHQW IUDFWXUH RI WKH ILEHUV -DPDO 
0LQLPL]LQJWKHFXWWLQJIRUFHLVLPSRUWDQWDVLWDIIHFWV FXWWLQJ WRROZHDUWRROOLIHDQGVWDELOLW\RI WKH PDFKLQHWRRO
4XDOLW\DQGSURGXFWLYLW\DUH WZR LPSRUWDQWEXWFRQWUDGLFWRU\SDUDPHWHUV ZKLOHSHUIRUPLQJPDFKLQLQJRSHUDWLRQV
4XDOLW\ PDLQO\ FRQFHUQV ZLWK GLPHQVLRQDO DFFXUDF\ DQG VXUIDFH URXJKQHVV RI WKH PDFKLQHG SDUW ZKHUHDV
SURGXFWLYLW\ LV GLUHFWO\ UHODWHG WR0DWHULDO 5HPRYDO 5DWH 055 GXULQJ PDFKLQLQJ 4XDOLW\ RI VXUIDFH ILQLVK LV
LQYHUVHO\UHODWHGWR055 +HQFH LWEHFRPHVHVVHQWLDOWRHYDOXDWHWKHRSWLPDOFXWWLQJSDUDPHWHUVHWWLQJVLQRUGHUWR
VDWLVI\FRQWUDGLFWRU\UHTXLUHPHQWVRITXDOLW\DQGSURGXFWLYLW\
,VLN DQGNHQWOL  SURSRVHG DPXOWLSOH FULWHULD RSWLPL]DWLRQ DSSURDFKXVLQJ VHQVLWLYLW\0LQLPL]LQJ FXWWLQJ
IRUFHV DQGPD[LPL]LQJ WKHPDWHULDO UHPRYDO ZHUH FRQVLGHUHG DV REMHFWLYHV ZKLOH WXUQLQJ RI XQLGLUHFWLRQDO JODVV
ILEHU UHLQIRUFHG SRO\HVWHU URGV 3DODQLNXPDU HW DO  XVHG JUH\ UHODWLRQDO JUDGH 	 7DJXFKL PHWKRG IRU
PLQLPL]LQJ WRROZHDU VXUIDFH URXJKQHVV DQG VSHFLILF FXWWLQJSUHVVXUHZKLOHPD[LPL]LQJPDWHULDO UHPRYDO7KH\
FDUULHG RXW WXUQLQJ RQ *)53(SR[\ FRPSRVLWHV XVLQJ FDUELGH . WRRO %DODPXJXQGDQ HW DO  XVHG
GHVLUDELOLW\ IXQFWLRQ DQDO\VLV WR RSWLPL]H VXUIDFH URXJKQHVV DQG GHODPLQDWLRQ GXULQJ PLOOLQJ RI *)53(SR[\




ILEHU RULHQWDWLRQ DQG PHWKRG RI PDQXIDFWXULQJ 7KH H[WDQW OLWHUDWXUH VXUYH\ DOVR UHYHDOV WKDW ZRYHQ JODVV ILEHU
UHLQIRUFHG YLQ\O HVWHU FRPSRVLWHV PDQXIDFWXUHG E\ KDQG OD\XS SURFHVV KDYH QRW EHHQ ZLGHO\ H[SORUHG IRU WKHLU
PDFKLQLQJFKDUDFWHULVWLFVGHVSLWHWKHLUZLGHDSSOLFDWLRQV7KLVVWXG\LVDQDWWHPSWWREULGJHWKLVJDS
 0HWKRGRORJ\
7KHPHWKRGRORJ\XVHGIRUWKLVVWXG\ LVDV VKRZQ EHORZLQ )LJ
)LJ 0HWKRGRORJ\XVHGIRUWKHVWXG\
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 ([SHULPHQWDWLRQ
7KH ZRUN PDWHULDO VHOHFWHG IRU WKLV H[SHULPHQW LV *ODVV ILEUH UHLQIRUFHG YLQ\O HVWHU FRPSRVLWH 7KH (JODVV
UHLQIRUFHPHQWLVRIZRYHQIDEULFIRUP KDYLQJIROORZLQJVSHFLILFDWLRQV7\SHRIZHDYHSODLQZHLJKWJPP
DQGRI PPWKLFNQHVV7KHZRUNVSHFLPHQVDUHWXEXODULQVKDSHPPORQJZLWKLQQHUGLDPHWHURIPPDQG
RXWHUGLDPHWHURIPP7KH\DUHPDQXIDFWXUHGXVLQJKDQG OD\XSSURFHVVDQGFXUHGDW URRP WHPSHUDWXUH7KH
YROXPHIUDFWLRQRI WKHUHLQIRUFHPHQWLV7KHUHVLQSURGXFHGE\&UHVW&RPSRVLWHVDQG3ODVWLFV3YW/WGZLWK
JUDGH&¶32/ ± $LVXVHGIRUIDEULFDWLQJWKHVSHFLPHQV 7KHZRUNVSHFLPHQVEHIRUH	DIWHUPDFKLQLQJDUHDV
SHU )LJ  D 	E 7KHFXWWLQJWRROVHOHFWHGIRUWXUQLQJLV3RO\&U\VWDOOLQH'LDPRQG3&'LQVHUWRIWKHILQHJUDGH
7KUHHGLIIHUHQW W\SHVRI LQVHUWV DUHXVHG7KH\ KDYH ,62FRGLQJ DV&10$&10$ DQG&10$
7KHWRROKROGHULVRI:,'(;,'*ZLWK,62FRGLQJ 3&/1/;0 7KHH[SHULPHQWVDUHFRQGXFWHG
RQD$FH-REEHU;/&1& ODWKHPDFKLQHZLWK WKH IROORZLQJVSHFLILFDWLRQV VZLQJRYHUEHGPP VZLQJRYHU
FDUULDJHPPPD[WXUQLQJ GLDPPPD[WXUQLQJOHQJWKPPPD[ VSLQGOHVSHHGUSPVSLQGOH
PRWRUSRZHU.:DQG)DQXFVHULHV2L7'0DWH&1&FRQWUROOHU 7KHPDFKLQLQJWHVWVDUHFDUULHGRXWZLWKRXW
DQ\FRRODQW 7KHSURFHVVSDUDPHWHUVVHOHFWHGIRUWKHSUHVHQWZRUNDQGWKHLUOHYHOVDUHDV JLYHQLQ 7DEOH
7KHH[SHULPHQWVDUHSODQQHGXVLQJ7DJXFKL¶VGHVLJQRIH[SHULPHQWV '2(7KHQRQOLQHDU UHODWLRQVKLSDPRQJ
WKHSURFHVVSDUDPHWHUV LI LWH[LVWVFDQRQO\EHUHYHDOHG LIPRUH WKDQ WZR OHYHOVRI WKHSDUDPHWHUVDUHFRQVLGHUHG




UDQGRPRUGHU7KHZRUNSLHFH LVPRXQWHGRQ VSHFLDOO\GHVLJQHGPDQGUHOZKLFK LV VXEVHTXHQWO\ FODPSHGE\ WKH
ODWKH FKXFN 2QH UHSHDW UXQ LV FRQGXFWHG IRU HDFK RI WKH  WULDOV 7KH UHVSRQVHPHDVXUHV VHOHFWHG DUH VXUIDFH
URXJKQHVV SDUDPHWHU 5D WDQJHQWLDO FXWWLQJ IRUFH )] DQG PDWHULDO UHPRYDO UDWH 055 7KH VXUIDFH URXJKQHVV
SDUDPHWHU LV PHDVXUHGXVLQJ 7D\ORU+REVRQ7DO\VXUIZLWK*DXVVLDQILOWHUFXWRIIOHQJWKRIPPFXWRIIVDQG
WRWDO WUDYHUVH OHQJWK PP'DWD DFTXLVLWLRQ LV  DFFRPSOLVKHG E\ FRQQHFWLQJ WKLV SURILOHU WR FRPSXWHU DQG XVLQJ
6(685) VRIWZDUH 7KHWDQJHQWLDOFXWWLQJIRUFHLVPHDVXUHGZLWK.LVWOHU3LH]RHOHFWULFG\QDPRPHWHURIW\SH$
ZLWK EXLOW LQ FKDUJH DPSOLILHU XS WR  .1 DQG D OHDVW FRXQW RI P1 'DWD DFTXLVLWLRQ LV DFFRPSOLVKHG E\
FRQQHFWLQJWKLVG\QDPRPHWHUWRFRPSXWHUDQGXVLQJ.LVWOHU'\QRZDUHW\SH $VRIWZDUH 7KHPDWHULDOUHPRYDO
UDWH LV FDOFXODWHG DVSHU (T  E\PHDVXULQJ WKHZHLJKW RI FRPSRQHQW EHIRUH DQG DIWHU WXUQLQJRSHUDWLRQ ZLWK
SUHFLVLRQGLJLWDOZHLJKLQJPDFKLQHDQG UHFRUGLQJ WKHPDFKLQLQJWLPHZLWKDVWRSZDWFK
     VHFL I
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:KHUH :L LVWKHLQLWLDOZHLJKWRIZRUN VSHFLPHQ LQJPV :I LVWKHILQDOZHLJKWRIZRUN VSHFLPHQ DIWHUPDFKLQLQJLQ
JPV DQG WP LVWKHPDFKLQLQJWLPHLQVHF 7DEOHVKRZV/2$DQGWKHPHDVXUHGYDOXHVRIWKHWKUHHUHVSRQVHV
)LJ D :RUNVSHFLPHQV EHIRUHPDFKLQLQJE :RUNVSHFLPHQ DIWHU PDFKLQLQJ
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+DUULQJWRQ  'HUULQJHU DQG 6XLFK  ODWHU RQ SRSXODUL]HG LWV XVDJH E\ PRGLI\LQJ LW 7KLV DSSURDFK
V\VWHPDWLFDOO\WUDQVIRUPVDQHVWLPDWHGUHVSRQVH ǔ LQWRDVFDOHIUHHYDOXHRIGL ,W DVVLJQVYDOXHVIURPWRWRWKH
SRVVLEOHYDOXHRIHDFK UHVSRQVHLQZKLFKDQXPEHUFORVHUWR XQLW\ LVDVVLJQHGWRD PRUHGHVLUDEOHUHVSRQVH ,IWKH
YDOXH RI WKH UHVSRQVH IDOOV EH\RQG WKH SUHVFULEHG WROHUDQFH UDJH ZKLFK LV QRW GHVLUHG LWV GHVLUDELOLW\ YDOXH LV
DVVXPHGDV]HUR ,QWKLV VWXG\IRUVXUIDFHURXJKQHVVSDUDPHWHU5DDQGWDQJHQWLDOFXWWLQJIRUFH)]/RZHUWKHEHWWHU
/% DQGIRUPDWHULDOUHPRYDOUDWH055+LJKHUWKHEHWWHU +% FULWHULDKDYH EHHQVHOHFWHG
:KLOHFDOFXODWLQJLQGLYLGXDOGHVLUDELOLW\YDOXHVXVLQJ/RZHUWKHEHWWHU/%FULWHULRQWKHYDOXHRI ǔ LVH[SHFWHG
WREH ³ORZHU WKHEHWWHU´:KHQ LW LV OHVV WKDQDSDUWLFXODU FULWHULDYDOXH WKHGHVLUDELOLW\YDOXH GL HTXDOV WR LI LW
H[FHHGVDSDUWLFXODUFULWHULDYDOXHWKHGHVLUDELOLW\YDOXHHTXDOVWRGLYDULHVZLWKLQWKHUDQJH 7RILQGWKLV
NLQGRI GHVLUDELOLW\IXQFWLRQ (TVDUHXVHG +HUH\PLQ GHQRWHVWKHORZHU ERXQG RI ǔZKHUHDV \PD[ UHSUHVHQWVWKH
XSSHU ERXQG RI ǔ 	 U GHQRWHV WKHGHVLUDELOLW\ IXQFWLRQ LQGH[ZKLFK LV WREH DVVLJQHGSUHYLRXVO\E\ WKHGHFLVLRQ
PDNHU ,IWKHFRUUHVSRQGLQJUHVSRQVHLV H[SHFWHGWREHFORVHUWRWKHWDUJHWWKHLQGH[FDQEHVHWWRWKH ODUJHUYDOXH
DQG RWKHUZLVHDVPDOOHUYDOXH
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PD[ L,I\ G  \t 
:KLOHFDOFXODWLQJLQGLYLGXDOGHVLUDELOLW\YDOXHVXVLQJ+LJKHUWKHEHWWHU+%FULWHULRQWKHYDOXHRI ǔ LVH[SHFWHG
WREHKLJKHUWKHEHWWHU:KHQLWLVJUHDWHUWKDQDSDUWLFXODUFULWHULDYDOXHWKHGHVLUDELOLW\YDOXH GL HTXDOVWRLILW OHVV
WKHQ DSDUWLFXODUFULWHULDYDOXHWKHGHVLUDELOLW\YDOXHHTXDOVWRGLYDULHVZLWKLQWKHUDQJH7RILQGWKLVNLQG
RI GHVLUDELOLW\ IXQFWLRQ (TV DUHXVHG+HUH \PLQ GHQRWHV WKH ORZHUERXQGRI ǔZKHUHDV \PD[ UHSUHVHQWV WKH
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PLQ L,I\ G  \d 
7KHLQGLYLGXDOGHVLUDELOLW\YDOXHVDUHXVXDOO\DJJUHJDWHGWRFDOFXODWHWKHRYHUDOOGHVLUDELOLW\XVLQJWKHIROORZLQJ
(T+HUH '2 LVWKHRYHUDOOGHVLUDELOLW\YDOXHGL LVWKH LQGLYLGXDOGHVLUDELOLW\YDOXHRI WKH LWK TXDOLW\FKDUDFWHULVWLF
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DQG Q LVWKHWRWDOQXPEHURIUHVSRQVHV:L LVWKHZHLJKWIRU LWK DWWULEXWH6XPRIDOODWWULEXWHZHLJKWVVKRXOGEHHTXDO
WR
  
    
LQ ZZ ZZ Z
R Q' G G G G
¦ 
+RZHYHUWKHSUREOHPLQ WUHDWLQJRYHUDOOGHVLUDELOLW\ '2 DVHTXLYDOHQWDJJUHJDWHGTXDOLW\LQGH[ LV LQDVVLJQLQJ
SULRULW\ZHLJKWVRIYDULRXVUHVSRQVHV ([WDQWOLWHUDWXUH UHYHDOHG WKDWSUHYLRXVLQYHVWLJDWRUV KDYH GHWHUPLQHGRSWLPDO
VHWWLQJRISURFHVVSDUDPHWHUV6DLW HWDOE\PD[LPL]LQJ '2 ZLWKLQWKH H[SHULPHQWDOGRPDLQ 5HVXOWVREWDLQHG
E\ VXFK PHWKRG FDQ EH LQDFFXUDWH DV WKH H[DFW YDOXH RI SULRULW\ ZHLJKW WR EH DVVLJQHG WR HDFK DQG LQGLYLGXDO
UHVSRQVHV LVGLIILFXOW WRSUHGLFW7KHUHIRUH VOLJKWFKDQJH LQSULRULW\ZHLJKW PD\ VKLIW WKH RSWLPDO VHWWLQJ LI WKHVH
ZHLJKWVDUH IRXQGVHQVLWLYH WRSUHGLFW WKHRSWLPD 7RDYRLGWKLVXQFHUWDLQW\ IX]]\ LQIHUHQFHV\VWHPLVXVHGLQWKH
SUHVHQWVWXG\WRFRXSOHLQGLYLGXDOGHVLUDELOLW\LQGLFHVLQWRDVLQJOHSHUIRUPDQFHLQGH[LH03&,
 )X]]\LQIHUHQFHV\VWHP
)X]]\VHWVDQGV\VWHPV ZHUH LQWURGXFHGE\3URI/RWIL$=HGDKLQ $IX]]\UXOHEDVHGV\VWHPFRQVLVWVRI
IRXUSDUWV )X]]LILHU NQRZOHGJH EDVHLQIHUHQFHHQJLQHDQGGHIX]]LILHU'HWDLOHG DQDO\VLVRQIX]]\FDQEHIRXQGLQ
QXPHURXVOLWHUDWXUH=DGHK  0HQGHO &R[7KHIRXUSDUWVDUHGHVFULEHG DVIROORZV
 )X]]LILHU
7KHUHDO ZRUOG LQSXW LQ WKH FULVSIRUP FRQWDLQLQJ SUHFLVHLQIRUPDWLRQDERXWWKHVSHFLILFSDUDPHWHU LVDSSOLHGWR














































5 /RZ /RZ /RZ YHU\ORZ 5 +LJK +LJK /RZ KLJK
5 /RZ /RZ 0HGLXP YHU\ORZ 5 0HGLXP /RZ 0HGLXP ORZ
5 /RZ /RZ +LJK ORZ 5 +LJK /RZ 0HGLXP PHGLXP
5 /RZ 0HGLXP /RZ YHU\ORZ 5 /RZ 0HGLXP 0HGLXP ORZ
5 /RZ 0HGLXP 0HGLXP ORZ 5 +LJK 0HGLXP 0HGLXP KLJK
5 /RZ 0HGLXP +LJK PHGLXP 5 /RZ +LJK 0HGLXP PHGLXP
5 /RZ +LJK /RZ ORZ 5 +LJK +LJK 0HGLXP YHU\KLJK
5 /RZ +LJK 0HGLXP PHGLXP 5 /RZ /RZ +LJK ORZ
5 /RZ +LJK +LJK KLJK 5 0HGLXP /RZ +LJK PHGLXP
5 0HGLXP /RZ /RZ YHU\ORZ 5 /RZ 0HGLXP +LJK PHGLXP
5 0HGLXP /RZ 0HGLXP ORZ 5 0HGLXP 0HGLXP +LJK KLJK
5 0HGLXP /RZ +LJK PHGLXP 5 /RZ +LJK +LJK KLJK
5 0HGLXP 0HGLXP /RZ ORZ 5 0HGLXP +LJK +LJK YHU\KLJK
5 0HGLXP 0HGLXP 0HGLXP PHGLXP 5 0HGLXP /RZ /RZ YHU\ORZ
5 0HGLXP 0HGLXP +LJK KLJK 5 0HGLXP /RZ 0HGLXP ORZ
5 0HGLXP +LJK /RZ PHGLXP 5 0HGLXP /RZ +LJK PHGLXP
5 0HGLXP +LJK 0HGLXP KLJK 5 +LJK /RZ /RZ ORZ
5 0HGLXP +LJK +LJK YHU\KLJK 5 +LJK /RZ 0HGLXP PHGLXP
5 +LJK /RZ /RZ ORZ 5 +LJK /RZ +LJK KLJK
5 +LJK /RZ 0HGLXP PHGLXP 5 /RZ 0HGLXP /RZ YHU\ORZ
5 +LJK /RZ +LJK KLJK 5 /RZ 0HGLXP 0HGLXP ORZ
5 +LJK 0HGLXP /RZ PHGLXP 5 /RZ 0HGLXP +LJK PHGLXP
5 +LJK 0HGLXP 0HGLXP KLJK 5 +LJK 0HGLXP /RZ PHGLXP
5 +LJK 0HGLXP +LJK YHU\KLJK 5 +LJK 0HGLXP 0HGLXP KLJK
5 +LJK +LJK /RZ PHGLXP 5 +LJK 0HGLXP +LJK YHU\ KLJK
5 +LJK +LJK 0HGLXP YHU\KLJK 5 /RZ +LJK /RZ ORZ
5 +LJK +LJK +LJK YHU\KLJK 5 /RZ +LJK 0HGLXP PHGLXP
5 0HGLXP /RZ /RZ YHU\ORZ 5 /RZ +LJK +LJK KLJK
5 +LJK /RZ /RZ ORZ 5 0HGLXP +LJK /RZ PHGLXP
5 0HGLXP 0HGLXP /RZ ORZ 5 0HGLXP +LJK 0HGLXP KLJK
5 +LJK 0HGLXP /RZ PHGLXP 5 0HGLXP +LJK +LJK YHU\KLJK
5 0HGLXP +LJK /RZ PHGLXP
,QWKLV VWXG\DQDWWHPSWLVPDGHWRXVHIX]]\V\VWHPWRHVWLPDWHWKH03&, ZKHQ YDOXHV RI GL DUHJLYHQDV
LQSXWVWRWKHV\VWHP7KHJLYHQPRGHOZRXOGEHD0,620XOWL,QSXWDQG6LQJOH2XWSXWPRGHODV VKRZQ LQ)LJ




ODQJXDJH)RUH[DPSOH G  ^ORZPHGLXPKLJK` G  ^ORZPHGLXPKLJK`DQG G  ^ORZPHGLXPKLJK7KH
RXWSXWYDULDEOH03&,LVVLPLODUO\GLYLGHGLQWR03&, ^YHU\ORZORZPHGLXPKLJKYHU\KLJK`)X]]\YDOXHV
DUHGHWHUPLQHGE\WKHPHPEHUVKLSIXQFWLRQV KRZHYHUVRIDU WKHUHKDVEHHQQRVWDQGDUGPHWKRGIRUFKRRVLQJ
WKH  SURSHU  VKDSH  RI WKH PHPEHUVKLS IXQFWLRQV  IRU FRQWURO  YDULDEOHV ,Q WKH SURSRVHGPRGHO*DXVVLDQ W\SH
PHPEHUVKLSIXQFWLRQVDUHXVHGIRULQSXWDVZHOODVRXWSXWYDULDEOHDVVKRZQLQ)LJD 	EUHVSHFWLYHO\,QWKLV
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)LJ 7KH),6PRGHO
)LJD 0HPEHUVKLSIXQFWLRQVRIWKHLQSXWVE 0HPEHUVKLSIXQFWLRQVRIWKH RXWSXW03&,
 7DJXFKLRSWLPL]DWLRQ
7R GHWHUPLQH WKH RSWLPDO SDUDPHWHU VHWWLQJV LW LV UHTXLUHG WR ILQG RXW WKH KLJKHVW 03&, 2SWLPL]DWLRQ
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